A new pellet injection system has been equipped on the experimental advanced superconducting tokamak (EAST) in the 2012 campaign, with a pellet size of f 2 mm×2 mm, a frequency of 1 Hz-10 Hz and velocity of 150 m s −1 -300 m s −1 . The deuterium pellet is well-known for plasma fuelling as well as for triggering the edge localized mode (ELM). In the 2012 campaign, pellet injection experiments were successfully carried out on EAST. Temporary plasma detachment achieved by deuterium pellets has been observed in a double null (DN) divertor configuration, with multi-pellet injections at a repetition frequency of 2 Hz. The partial detachment of the outer divertors and complete detachment of the inner divertors was achieved after 35 ms of each pellet injection, which have a duration of 30-60 ms with the maximum degree of detachment (DOD) reaching 3.5 and 37, respectively. Meanwhile, the multifaceted asymmetric radiation from the edge (MARFE) phenomena was also observed at the high field side (HFS) near both the lower and upper X-points with radiation loss suddenly increased to about 15%-70%, which may be the main cause of divertor plasma detachment. The temporary detachment induced by pellet injection may act as a new way to study divertor detachment behaviors.
Introduction
For many present tokamaks and next-step fusion devices, the heat and particle fluxes to the plasma material surface are of great importance in the determination of the lifetime of the plasma facing components (PFCs), especially the divertor targets. An operation in a partially detached mode for divertor tokamaks has been recognized as the most promising way, as it can greatly reduce the heat loads to divertor targets and enhance the lifetime of PFCs. Gas puffing and resonant magnetic perturbance (RMP) are thought to be useful approaches to obtain plasma detachment and have been studied for many years on ASDEX-Upgrade [1] , JET [2] and so on. In this work, a new method towards plasma detachment triggered by pellet injection will be presented, which provides another way to investigate the divertor detachment behaviors.
Pellet injection is well known for plasma fueling [3] and ELM pacing [4, 5] , the latest results on typical phenomena and related physics can be found in [6] . In the 2012 campaign, a new pellet injection system was equipped on the EAST tokamak [7] . The pellet injector, based on a screw extruder, is able to fire pellets in the steady-state mode with a reliability greater than 95%. Typical phenomena such as ELM triggering and electron temperature drop, which are associated with deuterium pellet injection experiments, have been observed and summarized in a previous work [8] . This paper mainly focuses on the temporary divertor plasma detachment with MARFE events induced by pellet injection. For the rest of this paper, the EAST tokamak and experimental setup for pellet injection experiments are introduced in section 2. Section 3 gives the detailed information on divertor detachment induced by pellets. A brief introduction of the observation of MARFE phenomena will be presented in section 4. Section 5 is the summary.
Experimental setup
EAST is the first fully superconducting tokamak to demonstrate high-power, long-pulse operations with an ITER-like configuration in the world [9] . It can be operated in limiter and three divertor configurations, including upper single null (USN), double null (DN) and lower single null (LSN) divertor configurations. The purpose of its designation is to research the physical issues of diverted tokamaks in steady-state operations. The critical design parameters are major radius R=1.7-1.9 m, minor radius a=0.4-0.45 m, maximum plasma current I p =1 MA, maximum toroidal field B t =3.5 T, elongation κ=1.9 and triangularity δ up to 0.7. The experiments reported in this paper were carried out in the 2012 campaign. In the 2012 campaign, EAST was equipped with a 2.45 GHz low hybrid wave (LHW) heating system with a heating power of 2 MW, ion cyclotron resonance frequency (ICRF) heating system of 4.5 MW with frequency ranging from 20 to 100 MHz. The PFCs were all upgraded to molybdenum except for two divertors, which still remained graphite. Lithium coating was applied to obtain proper wall conditioning with a relatively low ratio of hydrogen to deuterium.
The main diagnostics associated with this work are as below. Divertor triple Langmuir probes arrays shown as figure 1(a) , which are embedded in the upper and lower divertor regions, can provide information on the electron density, electron temperature, heat and particle fluxes of the divertor region [10] , also shown are the plasma separatrix for EAST #41873 at 6.54 s and the location of low field side (LFS) pellet injection. Three multi-channel extreme ultraviolet (XUV) arrays (shown in figure 1(b) ), can provide the line-averaged and total radiation intensity of both the core and edge regions. A set of reflectometers is used to measure the outer mid-plane electron density profiles. 18 channels CIII line emission (shown in figure 1(c) ) and three multi-channel H-alpha (D-alpha) radiation arrays (shown in figure 1(d) ) are used, which are diagnostics relevant to radiation measurements.
Plasma detachment induced by pellet injection
In the 2012 campaign, pellet injection experiments were successfully performed on EAST. Plasma detachment has been observed in several modulating L-mode discharges, where a typical shot is 41873. In this DN discharge, plasma current I p =400 kA, toroidal field B t =2 T, and the heating power includes ohmic power and an additional auxiliary ICRF power of about 0.6 MW. The deuterium pellets are injected nine times from 3.5 s to 7.5 s with a time interval of Δt=0.5 s.
Plasma detachment is characterized by the low plasma temperature at the divertor region, typically less than 2 eV, and the low rates of heat and particle fluxes to the divertor targets. In this work, plasma detachment is observed through the sudden temperature drop at the divertor region and decrease of heat and particle fluxes to the divertor targets by using the divertor Langmuir triple probe diagnostics, as well as the remarkable increase of Dα signal at the divertor region. Figures 2(a) and (b) are the 2D contour images of particle fluxes at upper outboard (UO) (a) and upper inboard (UI) (b) divertors of 41873. The particle fluxes at the UO divertor are enormously enhanced at the onset of ICRF heating while the UI divertor shows no response. The two strike points move slowly toward opposite directions. Judging from the temperature drop at the inner and outer divertor targets (shown in figures 2(e)-(g)) and the obvious changes of brightness after pellet injection, it is very clear that the UO divertor is partially detached while the UI divertor gets totally detached after about 35 ms of pellet injection with a remarkable increase of Dα signal at the divertor region ( figure 2(d) ). The time traces of plasma stored energy shown in figure 2(c) indicate an improved confinement mode may be induced by pellet injection. What is truly remarkable is that the plasma detachment can be modulated periodically by multi-pellet injections, which may provide a novel method to investigate the potential physics in divertor detachment. Comparison between particle flux profiles of pre and post injection phases with pellet injection at 6.0 s is shown in figure 3 . The pre-pellet injection profiles at 5.99 s indicate that the divertor plasmas are attached with maximum particle fluxes reaching 1.6 A cm −2 and 0.9 A cm −2 for UO and UI divertors respectively. The maximum particle fluxes on the outboard divertor are almost double of those on the inboard divertor, which may be caused by divertor asymmetry [11, 12] . The post-pellet injection profiles at 6.05 s are marked by red triangles. Compared with the pre-pellet injection profiles, the particle fluxes at both divertors are greatly decreased by pellet injection. The UO divertor showed partial detachment after pellet injection with particle fluxes at strike point areas enormously reduced by a factor of 9 while a little enhanced at areas far away from the strike point; this interesting phenomenon indicates that the particle flux pattern has been changed with particles transferred indirectly from near the strike point areas to the remote areas by pellet injection. The UI divertor, however, is totally detached through all the target areas with almost no particles reaching the divertor. To better illustrate the temporary divertor detachment in this case, a notion called the degree of detachment (DOD) is applied here, which is defined to be the ratio of calculated (Φ calc ) and measured (Φ meas ) particle fluxes to the targets [13] . The calculated particle fluxes reaching the targets, according to the two-point model [14] , are proportional to the square of upstream separatrix density n sep . In this paper, edge plasma density at normalized radial location ρ=0.98 is applied to replace n sep due to the limited ability for the reflectometer on EAST to measure n sep . The density profiles beyond ρ=1.0 in figure 4(a) are the fit lines. The measured particle fluxes are the total particle fluxes to the targets, which can be obtained by integrating all the divertor triple Langmuir probe data along the divertor targets: 
Here Δr is the distance from the strike point along the divertor target, so the DOD can be calculated as:
In the attached regime, assuming no significant pressure and energy loss along the SOL, we have Φ calc =Φ meas and DOD =1. In the detached regime, Φ meas is significantly decreased, therefore Φ calc >Φ meas and DOD>1. In this case, plasma detachment by pellet injection is well confirmed by the dramatic increase of the DOD of the four targets after pellet injection. The distributions of DOD for the four targets are shown in figure 4 . Figures 4(a) -(f) are outer mid-plane density profiles right before and after pellet injection at t=6.5 s from reflectometer (a), time evolutions of DOD at UO (c), UI (d), LO (e) and LI (f) divertors as well as the enlarged view of DOD for UI target during t =4.96-5.14 s (b). The deuterium pellets injected nine times from 3.5 s to 7.5 s with a time interval Δt=0.5 s. The DOD of the four targets remained 1 until the DOD began to increase after about 30 ms of each pellet injection with detachment durations of about 30-60 ms. An exception exists as there is no obvious reaction to the pellet injection at 4.5 s. The deuterium pellet melted without causing enough perturbation to the plasmas, which may be the reason for this. From figure 4 we can see that the maximum DOD for UO and LO divertors is about 3.5, while the LI divertor has a maximum DOD of about 15 and the UI divertor, which is totally detached with maximum DOD reaching up to 37. The huge differences between the DOD of outboard and inboard divertors indicate that MARFE events induced by pellet injection may exist at HFS close to the X-points, which can cause a higher proportion of radiation power loss at areas near the inner divertors.
In addition, the heat fluxes reaching the targets, which are closely related to the particle fluxes at the divertor targets, are also sharply decreased by the pellets. Figure 5 demonstrates the parallel heat flux profiles along the UO (a) and UI (b) divertor targets right before and after pellet injection. Just like the particle flux profiles, the pre-pellet injection profiles at 5.99 s show that the divertor plasmas are attached with maximum parallel heat fluxes reaching 1.65 MW m −2 and 0.85 MW m −2 for UO and UI divertors respectively, the maximum parallel heat fluxes on the outboard divertor are almost doubled of those on the inboard divertor due to divertor asymmetry. The profiles marked by red triangles are the post-pellet injection profiles at 6.05 s. Similar to the change of particle flux profiles, the parallel heat fluxes of the UO divertor around the strike point areas are greatly reduced by a factor of 8.5 while they remain almost unchanged far from the strike point areas. This may result from the change in the UO divertor particle pattern and may provide a new method to investigate the divertor detachment behaviors. The UI divertor, on the other hand, is totally detached with almost no heat fluxes to the target.
Evidence of MARFE events
MARFE is a toroidally symmetric but poloidally asymmetric region of the main plasma close to the inner major radius [15] . It is characterized by high density and radiation loss and often occurs together with plasma detachment. The formation of MARFE is considered to have something to do with the local thermal imbalance along the edge magnetic field. In EAST shot 41873, MARFE phenomena are confirmed to be induced by pellet injection with a highly radiative region at HFS close to the X-points. Figure 6 shows the modification of some signals after pellet injection and the density evolution. The signals of radiation intensity from XUV (d), Dα (e) and CIII line emission (f) are suddenly increased after about 30 ms of pellet injection, which indicate MARFE events may be induced by the pellets. The stored energy is also increased by a factor of 1.2 after about 50 ms of the injection. This indicates an improved confinement mode may have been achieved by the MARFE events, which has also been observed in the HT-7 tokamak [16] . The core plasma lineaveraged density evolution shown in figure 6(h) seems to indicate that the pellets have posed little influence to the core plasma density. A similar conclusion can be made judging from the outer mid-plane density profiles (shown in figure 4(a) ) right before and after pellet injection from the reflectometer. The density profiles show that the pellet has only affected the density at ρ =0.965-1.0 where ρ is the normalized radial location. So the plasma detachment and MARFE phenomena may be induced by the increased edge plasma density caused by pellets. Figure 7 is the 2D contour images of line integrated radiation intensity from the XUV diagnostics. The region measured is located at the HFS close to the X-points. The times for pellet injection and crossing the LFS separatrix are shown in the picture with red and black lines, respectively. The radiated power remains at a low degree until after about 30 ms of pellet injection at 6.5 s, when there is a remarkable increase of radiation loss shown in figure 7 . The MARFE events are obviously confirmed by the brightness of this area with a duration of about 8 ms. The existence of highly radiative areas at the HFS close to the two X-points may have resulted in the detachment of both of the two divertors, which has also been reported on JT-60U [17, 18] . Figure 8 illustrates the total radiated power from the XUV diagnostics, the radiation loss suddenly increased about 15-70 percent by pellet injection. This should be reasonable as the radiation loss in HFS areas close to the X-points is dramatically increased by the existence of MARFE events.
Summary and conclusions
Pellet injection experiments were successfully performed on EAST. Temporary plasma detachment with MARFE events by pellet injections in the 2012 EAST campaign has been presented in this article. The deuterium pellet, which contains about 3.78×10 20 atoms, caused sufficient perturbation to the edge plasmas. The partial detachment of the outboard divertors and the complete detachment of the inboard divertors are obtained at the onset of MARFE and have a duration of about 30-60 ms. MARFE events have been observed after about 30 ms of pellet injections by radiation diagnostics. The ratio of the radiation loss to the energy across separatrix is significantly increased with the appearance of MARFE, which may be the direct reason for the plasma detachment. The plasma detachment achieved here, especially at the UO divertor target, is fairly interesting due to the changes in heat and particle patterns and may need more experiments and diagnostics to investigate the divertor detachment behaviors by pellet injection. So this may provide a different way to study divertor plasma detachment.
